Recent experiments have prompted a theoretical investigation of the effect of methyl rotation on the Ã -X electronic spectrum of the CH 3 O 2 and CD 3 O 2 radicals. Quantum chemistry calculations have mapped the potential for the methyl rotation. Using these results, we calculate the torsional eigenvalues for both the Ã and X states and simulate the Ã -X spectrum. We find that the simulation captures the salient features of the spectrum. These features include torsional sequence structure, whose band contours change dramatically as the lower level nears the barrier, as well as atypical torsional transitions occurring from levels near the top and above the barrier. "Experimental" barrier heights are deduced for both the X and Ã states of methyl peroxy by modestly scaling the calculated potential to best reproduce the observed spectra.
I. INTRODUCTION
Organic peroxy radicals are key intermediates in the oxidation of hydrocarbons. Methods for their sensitive and unambiguous detection could therefore be of great value for understanding and monitoring reactions of importance to combustion and atmospheric chemistry. Spectroscopic diagnostics readily fulfill this need once the appropriate spectra are observed and analyzed.
The simplest organic peroxy radical, methyl peroxy ͑CH 3 O 2 ͒, is obviously the starting point for spectroscopic detection and analysis. Recently there has been considerable activity surrounding its Ã 2 AЈ-X 2 AЉ near infrared ͑NIR͒ transition. Its potentially richly structured spectrum offers an unambiguous means for the radical's detection, as well as a starting point for the spectral analyses of all the organic peroxy radicals. These analyses can provide highly accurate benchmarks for quantum chemistry computations on both the structure and dynamics of organic peroxy radicals.
The Ã -X NIR transition was first observed 1 by a modulated absorption technique in 1976. The observation lay relatively fallow for a number of years as the strong B -X UV absorption was used to monitor 2 CH 3 O 2 and other peroxy radicals because its much greater oscillator strength made the detection of the radicals much more sensitive. However, the B -X transition is intrinsically unstructured due to the dissociative nature 3 of the B state. Hence it is nearly impossible to distinguish one organic peroxy radical from another based on the B -X transition. This has led to renewed interest in the study of the Ã -X electronic transition. Fortunately, the relatively new technique of cavity ringdown spectroscopy ͑CRDS͒, due to its inherent multipassing capability, provides a highly sensitive technique 4, 5 for detection of organic peroxy radicals in spite of the low oscillator strength of the NIR Ã -X transition.
The room temperature CRDS spectra of CH 3 O 2 and CD 3 O 2 were first reported 4 in 2000. Thereafter Atkinson and Spillman 6 used continuous wave ͑cw͒ CRDS on the Ã -X transition to follow the kinetics of methyl peroxy radicals. Fu et al. 7 have observed the Ã -X transition using mass spectroscopic detection. A much more detailed study 8 of the ambient temperature CRDS spectrum is described in the preceding paper. Recently we have obtained 9 the first jet-cooled CRDS spectrum of CH 3 O 2 and CD 3 O 2 , and analysis of these spectra is ongoing. In our two most recent studies 8, 9 of the methyl peroxy NIR Ã 2 AЈ-X 2 AЉ transition, we have detected unusual spectral features. After some investigation, we attribute them to large amplitude motion between the methyl group and the peroxy group. For simplicity, we shall henceforth refer to this motion as methyl torsion since methyl torsional studies have a rich history, and even though the difference in mass is not that great, the methyl group is lighter than that of the peroxy group.
To more fully understand this large amplitude motion and its spectral ramifications, we have performed a series of theoretical computations. First, we carried out quantum chemistry calculations for both the X and Ã states to determine the nature of the potential energy surface ͑PES͒ along a cut in the direction of the large amplitude motion. Using this PES, the eigenvalues and eigenfunctions were calculated for the torsional motion along this surface for both states. From the eigenvalues, predictions for the frequencies of the observed torsional transitions could be made. The eigenfunctions also allow for the evaluation of Franck-Condon factors for the various torsional transitions. These are then used to determine which transitions ought to be observable experi-mentally in the Ã -X spectrum and their relative intensities. Finally, the PESs for the Ã and X states were scaled to achieve the best match between the predicted and observed ambient temperature spectra. In this way, "experimental" barrier heights in both the X and Ã states are determined.
II. ELECTRONIC STRUCTURE CALCULATION
The description of the electronic structure calculation for methyl peroxy falls into two parts. First, we need to determine the electronic structure and energies at the stationary points ͑global minima and saddle points͒ on the X and Ã state potentials, respectively. Once these have been characterized, we calculate a cut through each of these 12-dimensional potential surfaces along the methyl torsion coordinate. These one-dimensional cuts are then fitted to an expansion in cos͑3n␣͒. This provides an analytical expression for the potential, which is then used to solve the Schrödinger equation for the nuclear motion. The resulting eigenenergies and eigenfunctions allow the prediction of the positions and intensities of transitions involving the large amplitude torsional motion.
By optimizing the geometry to minimize the energy for both C s configurations, staggered and eclipsed, we are able to calculate the energies of the stationary points and hence the torsional barrier heights in both the X and Ã states of CH 3 O 2 at various levels of electronic structure theory using GAUSSIAN 03. 10 These results along with the energy difference between the X and Ã states, T e , are summarized in Table  I . As the numbers indicate, the barrier height for the X state is consistently around 300 cm −1 with a corresponding barrier between 900 and 1200 cm −1 for the Ã state. Calculations including the zero-point energies ͑ZPEs͒ at both the minimum and maximum energies along the path gave roughly the same barrier height as those without ZPE.
With the exception of the uncorrelated Hartree-Fock calculations, T e is predicted to be between 7200 and 7400 cm −1 . To compare this with experiment, we must take into account ZPE. When this is done using the Gaussian-2 ͑G2͒ method, we obtain a value for the band origin of 7375 cm −1 , which is in excellent agreement with the experimental value of 7382 cm −1 , as has been previously reported. 4 An interesting feature of the calculated barrier heights is that the barrier on the Ã state is three to four times larger than the barrier on the X state potential surface. In order to understand the origin of this increase, we investigated the molecular orbitals that are involved in the electronic transition. The lower energy orbital has AЈ symmetry, while the higher energy orbital has AЉ symmetry. Comparing the orbitals with the same symmetry in the staggered and eclipsed configurations for the X and Ã states, we note that the orbitals do not change significantly between the two states. In addition, the shape and extent of the orbitals with AЈ symmetry do not change significantly between the staggered and eclipsed configurations. The orbitals with AЉ symmetry contain three lobes, separated by nodes. Two are localized on the oxygen atoms and the third is near the hydrogen atoms that are above and below the plane of symmetry. In the staggered configuration, there is some overlap between the parts of the orbital that are on the terminal oxygen and the hydrogen atoms. The larger distance between these atoms in the eclipsed configuration leads to a loss of this overlap and an increase in the energy of this orbital. Since the AЉ orbital is doubly occupied in the Ã state, the higher energy of this orbital in the eclipsed configuration leads to a significantly larger barrier for methyl rotation in the Ã state compared to the X state.
After the extrema were examined, the remainder of the potential energy surfaces for both the states were calculated. We could not map out the methyl torsional mode PES using the G2 method since motion along this coordinate reduces the symmetry from C s to C 1 , so that in these lowered symmetry configurations the X and Ã states no longer have different symmetries. We therefore mapped the PES of the CH 3 torsional mode using a density-functional theory ͑DFT͒ method ͑i.e., B3LYP͒ with the 6-31+ g͑d͒ basis set. Figures 1 and 2 show the resulting PES for these two states of the methyl peroxy radical as functions of the angle ␣, defined as the OOCH dihedral angle for one of the three hydrogen atoms in the methyl torsion. The other two OOCH dihedral angles were allowed to relax along with the remaining nine internal coordinates. This angle was varied from 180°to 120°, and the remaining angular dependence is determined by symmetry. In constructing these cuts, ␣ was changed in increments of 5°. The circles in Figs. 1 and 2 represent the points at which electronic structure calculations were performed. There are other possible definitions for this coordinate, for example, the average value of the three OOCH dihedral angles. For methyl peroxy, these two definitions deviate from each other by at most 0.8°for the X state potential and 1.8°for the Ã state potential. The T e values have been obtained by correcting T 00 from the G1 culation by the Ã − X difference in ZPE, found to be 76 cm −1 using the standard scaling factor of 0.8929.
III. TORSIONAL EIGENFUNCTION AND EIGENVALUE CALCULATIONS
Following Lin and Swalen, 11 we write the rotationvibration Hamiltonian as
In the above equation, ͑a , b , c͒ refer to the principal ͑inertial͒ axis method ͑PAM͒ system, and Eq. ͑1͒ assumes that the torsional motion about ␣ is decoupled from any other vibrational degree of freedom. The rotational angular momentum is N, and the definitions of the rotational constants, as well as F and , are given in Table II . When the axis of internal motion lies in the a , b plane as is the case with the methyl peroxy radical, the c component of vanishes. We can further simplify Ĥ by following the procedure ͓ axis method ͑RAM͔͒ of Hougen and co-workers 12, 13 and Herbst and co-workers [14] [15] [16] by rotating to the axis system, i.e., ͑a , b , c͒ → ͑z , x , y͒, which causes x = y = 0 by definition. Since c = 0 by symmetry, the transformation corresponds to a simple rotation about the c axis through an angle , which is defined in Table II TABLE II. Definitions ͑Ref. 12͒ of constants in molecular Hamiltonian that are dependent on molecular geometry. I a , I b , and I c are the moments of inertia in the PAM system and I ␣ is the corresponding quantity for methyl group rotation about the CO axis. The components, i , of are defined in terms of i , where the i are direction cosines relating the principal axes and the CO axis. Physically, is the angle that makes with the a axis.
Hougen et al. 12 have shown that in the RAM system,
and
Hougen et al. 12 have pointed out that Ĥ 1 is diagonal in the primitive rotational basis, ͉N , K͘, where K is the projection of N along . Ĥ 2 is the "normal" asymmetric top Ĥ expressed in the RAM system, which, of course, can have matrix elements off-diagonal in K. In transforming from the PAM to the RAM system, we have decoupled Ĥ 1 and Ĥ 2 , but introduced the rotational term with the coefficient D R . The relationship between the rotational constants, A R , etc., in the RAM system and those in the PAM system are given in Table III .
Since for the most part rotational structure is not resolved due to the congestion in the room temperature spectra of methyl peroxy, we will concentrate on Ĥ 1 and the terms in Ĥ 2 that are diagonal in K. Jet-cooled higher resolution experiments are presently under analysis. For those experiments, the eigenvalues of Ĥ 1 must be added to the entire Ĥ 2 matrix, which also must be supplemented by the spinrotation interaction since the electronic states involved are doublets.
To calculate the eigenvalues and eigenfunctions of Ĥ , we employ an analytical form, V͑␣͒, for the cut through the PES. We choose
where y = A or X to denote the PES of the Ã and X states. We fit the v 3n y coefficients using the ab initio points. The analytical fits along the ab initio points are shown with thick, solid lines in Figs. 1 and 2. As these curves demonstrate, the potential function displays three equivalent wells at ±60°and 180°, the staggered configurations; and the saddle points at 0°and ±120°, the eclipsed configurations. For both the X and Ã state cuts, we find that a value of N = 2 suffices to fit the 13 computed points with rms errors of 0.45 and 2.2 cm −1 , respectively. Including more terms in the fit will decrease this error, but it does not alter the calculated energies by more than the rms error of the fits. The resulting values for the v 3n y from the fit are reported in Table IV. Table V reports numerical values of the parameters in Ĥ that are determined by the ab initio geometry of the molecule.
For purposes of comparing to experiment, we modify the calculated parameters in Tables IV and V in two ways. Rather than use the ab initio F value obtained from the structures calculated at the B3LYP/ 6-31+ G͑d͒ level of theory/ basis, we multiply it by 0.97. This value was chosen based on the fact that when we compared the values of F, which were obtained when the geometry of methyl peroxy was evaluated at different levels of theory, we noticed variations. The 0.97 value allowed us to scale the B3LYP value to a value close to that obtained at the CCSD level of theory. This value is also consistent with the expectation that F should be lowered by a couple of percent due to coupling of the torsional motion with other vibrational modes.
We include in V y ͑␣͒ a scalar S y to compensate for errors in the quantum chemistry calculation of the PES. The values of S y for the X and Ã states are ultimately chosen to obtain the best agreement between the experimental and calculated spectra.
To calculate numerical eigenvalues and eigenfunctions of Ĥ , we use a Fourier basis. The eigenfunctions can then, generally, be written as
where n takes on all positive and negative integer values, and = 0 and ±1. The integer index j labels eigenvalues of the same value of ͉͉ in increasing order of energy.
A convenient way to consistently label the torsional eigenvalues and corresponding eigenfunctions is to invoke the G 6 molecular symmetry group, which is isomorphic to the C 3v point group. The eigenfunctions of methyl peroxy transform as either A 1 , A 2 , or E under G 6 . For K = 0, the states for which = 0 transform as A 1 or A 2 . The states that transform as A 1 have linear combinations of exponentials with C 3n,0 j ͑0͒ = C −3n,0 j ͑0͒ for a given 3n, while C 3n,0 j ͑0͒ =−C −3n,0 j ͑0͒ for the states that transform as A 2 . For = ±1, the two components transform as E and have C 3n,1 j ͑0͒ = ±C −3n,−1 j ͑0͒. It has long been known that the corresponding eigenvalues can be expressed by 11 E͑j,,K͒ = F ͚ n a n j cos ͫ 2n 3
͑K − ͒ ͬ .
͑7͒
By fitting the numerical eigenvalues to the above expression for E͑j , , K͒, we can determine numerical values for all a n that contribute significantly to the energy. Table I͒ in the PAM and those ͑subscripted R͒ in the RAM system. The components of the vector in the two systems are also related. 
IV. RESULTS
In order to calculate the eigenenergies and eigenfunctions, we used the values given in Tables IV and V for the parameters in Eqs. ͑3͒ and ͑4͒. With the exception of 1 / 2I ␣ and F, the reported values came directly from the geometries obtained from the DFT calculations. In the case of 1 / 2I ␣ and F, we multiplied the calculated values by 0.97, as discussed above.
Using these parameters, and with S X and S A both equal to 1, we obtain the energies and wave functions for CH 3 Near the bottom of the well, the A 1 and A 2 states alternately combine with an E state to form the nearly three-fold degenerate eigenstates, which can be labeled by a single torsional vibration quantum number 12 . Well above the barrier, the eigenstates are free rotor in character, and A 1 and A 2 become nearly degenerate and, along with the E eigenfunction, correspond approximately to the doubly degenerate free rotor functions, which are labeled by the two-dimensional rotor quantum number, m. Eigenvalue and function labels of k 1 A 1 , k 2 A 2 , and lE are therefore appropriate throughout, where k 1 , k 2 , and l are the even, odd, and all values of j, respectively, increasing with the corresponding energy of the eigenvalue. Near the barrier top, we label states using only the rigorous G 6 notation, while far above and below the barrier, we indicate as appropriate in Tables VI and VII the 12 and m notation.
While such behavior is well known, in interpreting the spectra, it is useful to consider how the energy spacings evolve from the low to high barrier limit. The plot in Fig. 3 TABLE 
͑8͒
With Ĥ model , the barrier to free rotation is just bF y . We define a reduced energy e j by dividing the resulting eigenvalues by F y , and plot the e j as a function of b in Fig. 3 . When b =0, we are in the free rotor limit and the energies are proportional to m 2 , with m ജ 0. For larger values of b, the lower energy levels are nearly evenly spaced and are triply degenerate, as expected in the high barrier limit. In this limit, 12 becomes the good quantum number. As the barrier height increases, there is a buildup of states with vibrational energies nearly equal to b. This is the energy at which the transition between having primarily bound and free rotor character also takes place. In this energy range, assignment of the states to specific m or 12 quantum numbers is not particularly appropriate.
In Tables VI and VII , we report the energies obtained by solving the Schrödinger equation, using Ĥ 1 in Eq. ͑3͒ with K = 0. The eigenfunctions are labeled by j and symmetry, and where possible, by the appropriate value of 12 or m. To aid in comparison of the curves in Fig. 3 and the energies reported in Tables VI and VII, four vertical lines were added in Fig. 3 at the values of b for each CH 3 O 2 and CD 3 O 2 that correspond to the barriers on the X and Ã states.
An interesting feature of systems, like the X state of methyl peroxy which contain low barriers to free methyl rotation, is the potential for coupling between the methyl rotor motion and the overall rotation of the molecule. Within the Hamiltonian in Eq. ͑3͒, this coupling is represented by the 2Fp ␣ N z term, which scales as ͗p ␣ ͘, or the net torsional angular momentum. For states with A 1 or A 2 symmetry with K = 0, since C 3n,0 j = ±C −3n,0 j , ͗p ␣ ͘ = 0 by symmetry. In contrast, for states with E symmetry, there are no symmetry constraints on ͗p ␣ ͘ except that the values for the components of the doubly degenerate states be equal in magnitude and opposite in sign. In the high barrier limit, for example, the ground vibrational level in the Ã electronic state of methyl peroxy, the splitting is 4 ϫ 10 −5 cm −1 and the corresponding ͉͗p ␣ ͉͘ is Ͻ0.0001ប. On the other hand, for the ground vibrational state of the X state of methyl peroxy, ͉͗p ␣ ͉͘ for CH 3 O 2 and 0.0010ប for CD 3 O 2 . As seen in Tables VI and VII, for the states with E symmetry, the value of ͉͗p ␣ ͉͘ increases with increasing quanta in the torsion and is roughly proportional to the energy difference between the nearly degenerate levels with A and E symmetries. The fact that ͗p ␣ ͘ 0 leads to a splitting of the otherwise nearly degenerate K levels for this near prolate asymmetric rotor. We can analyze this further by calculating the energies using Ĥ 1 plus only the first term of H 2 , i.e., with B R , C R , and D R set to zero. These energies are plotted against K in Fig.  4͑b͒ for j =0−2 and =0, ±1.
Based on Eq. ͑7͒, one would expect that the energy levels should be doubly degenerate with E͑j ,0,K͒ = E͑j ,0,−K͒ and E͑j , ±1,K͒ = E͑j , ϯ 1,−K͒. Further, taking the difference between levels with the same value of ͉K͉, one finds that 12 E͑j, + 1, + K͒ − E͑j,
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This equation represents the energy difference between levels with = ± 1 and opposite signs of K. As such, we refer to this as the K splitting in the discussion that follows. The resulting energies are plotted with black circles in Fig. 4͑a͒ . Likewise, one can look at the energy difference between the levels with = 0 and ±1. Here, one finds that
Since this energy difference is between levels with A 1/2 and E symmetries, it will be referred to as the A / E splitting, and the resulting points are plotted with white and black squares in Fig. 4͑a͒ . When we fit the calculated eigenvalues to these functional forms, we find that only the first two terms in the expansion contribute significantly to the summation. The values of a 1 and a 2 are given in Table VIII for the j =0-3 levels of CH 3 O 2 and CD 3 O 2 for the X state. The corresponding values for the Ã state are a factor of Ϸ10 2 smaller and make a negligible contribution to the spectra. In this sense, the Ã -X spectrum "reads out" directly the X state torsional structure. Further, if we compare the fit values of obtained from the K splitting fits to the expected values, they differ by less then 1%. Statistically identical parameters are obtained when we fit the A / E splittings, as is also expected. More important from the perspective of the present study, the results plotted in Fig. 4 show that the amplitude of the oscillations of the K splittings is the same as the amplitude of the oscillations in the A / E splittings. In addition, we find that the amplitude of these oscillations in the K splittings is directly proportional to the A / E splittings at K = 0 with ͱ 3F͑a 1 + a 2 ͒ = −1.16͑E͑j ,1,0͒ − E͑j ,0,0͒͒ for j =0-3 in CH 3 O 2 . This relationship holds for states above and below the barrier, and the coefficient is in excellent agreement with the expected value of 2 / ͱ 3. This will have important implications in the interpretation of the low-resolution electronic spectrum, reported in Ref. 8 , as this result implies that it will be challenging to deconvolute the vibrational and rotational dependences of observed structure splittings in the band contours of transitions for which there is a non-negligible tunneling splitting between the levels with A and E symmetries. Conversely, this should lead to a rich structure observable in the high-resolution spectrum.
A. Spectral simulation
Once we have the computed eigenfunctions and eigenvalues, it is straightforward to calculate all possible transition frequencies involving the methyl torsion by taking the possible differences in the calculated eigenvalues and adding a value of T 00 for the origin of the electronic transition. The relative intensity of the transitions is determined by a Franck-Condon factor for the torsional levels involved in this transition, since the electronic transition moment and Franck-Condon factors for the other vibrational modes can be assumed constant. For electronically allowed transitions, a rigorous selection rule of no change in the G 6 irreducible representation applies. However, for the transitions of interest, propensity rules involving either 12 or m are of very limited value due to the extensive mixing of these zero order states. This fact plus the very different barrier heights ͑and hence different mixing for a given level͒ in the X and Ã states combine to give rise to rather unusual patterns in the torsional transitions. Fortunately, we can calculate numerically the relative intensities of any transition by squaring the overlap integral of the corresponding torsional eigenfunctions from Eq. ͑6͒.
B. Simulation of overall spectrum
We can now simulate a version of the Ã -X electronic spectrum for both CH 3 O 2 and CD 3 O 2 ͑involving only the methyl torsional levels͒. Here, we consider only the Q branch of each transition, as most of the intensity results from the Q branch and hence it dominates the spectral simulation. The R and P branches mainly contribute broad, partially overlapping contours to the background. For these calculations, we solved for the eigenfunctions and eigenvalues of the Hamiltonian in Eq. ͑2͒, but with B R , C R , and D R set to zero to provide the transition frequencies. Without these smaller terms, the energy is independent of J, and K is a good quantum number. The intensities were evaluated using the calculated Franck-Condon factors at K = 0 and by assuming an X state Boltzmann population distribution at 300 K. As we discussed above, the A / E splitting depends on the value of K. Consequently, we included all thermally populated K levels in our calculation of the intensity of the Q branch transitions, e.g., ⌬J =0, ⌬K = ± 1. This provides a stick plot of the overall spectrum, and a full simulation is generated by convoluting each of the sticks with a rotational contour ͓assumed Lorentzian with a 5 cm −1 full width at half maximum ͑FWHM͒ to accommodate the unresolved J structure͔. The nuclear spin weightings 11 of 1:1:1 for transitions originating from vibrational levels with A 1 : A 2 : E symmetry in CH 3 O 2 are included in the simulation. For CD 3 O 2 , the corresponding nuclear spin weightings are 11:11:16. As described, this analysis neglects any K dependence of the Franck-Condon factors or any explicit J dependence on the Hönl-London or Boltzmann factors. We have performed simulations that include these two factors and found the spectra to be nearly identical to the ones plotted in Figs. 5 and 6.
As indicated above, the PES can be systematically scaled by varying S y . The resulting simulations of the lowresolution spectrum were then compared with experiment. A value of S X = 1.10 for the X state potential and S A = 1.00 were found to provide the best match to the experimental spectra. The resulting simulations are plotted in Figs. 5 and 6. For comparison, we also plot the experimental spectrum above the corresponding calculated spectrum. Comparing the two overall band contours, we observed that the simulation does a good job of reproducing the observed spectrum.
Tables IX and X summarize the calculated transition frequencies and intensities for both normal and deuterated methyl peroxy. These tables include all transitions whose intensity is greater than 3% of the 0 0 0 band. We report the energy at which the intensity of the calculated Q branch is largest as well as the width ͑FWHM͒ of the band. For the lowest energy transitions, the shapes of the contours are roughly what one would expect for a typical Q branch of a near symmetric top molecule and the width reflects the rotational temperature of the molecules. The contours associated with the higher energy transitions lose this characteristic appearance due to the strong coupling between rotation and torsion in methyl peroxy. It should be noted in Fig. 5 that the region between 7700 and 7900 cm −1 does not match the simulation as well as in other regions. In this region, part of the experimental spectrum has been assigned to the COO bend band, 8 0 1 in Herzberg notation, and combinations between it and the torsional transitions ͑1E ↔ 1E, 1A 2 ↔ 1A 2 and 2E → 2E, 2A 1 ↔ 2A 1 ͒. These combinations are not included in the simulation. The corresponding situation exists for the region 7700-7900 cm −1 for the deuterated methyl peroxy spectrum shown in Fig. 6 .
Another feature in the experimental spectrum worthy of attention is the region around 8000 cm −1 . From our simulated spectrum, we were able to assign several bands as transitions between high-lying states that become fully allowed only in the free rotor limit. Such transitions are relatively atypical. These transitions result from the low barrier height in the X state, causing levels at or above it to be populated at room temperature. Corresponding features have also been observed for CD 3 The calculated transitions represent the position of the maximum in the band contour and are all relative to the peak of the 0 0 0 band, which is 13 cm −1 higher than the KЈ =0← KЉ = 0 transition. The calculated transitions represent the position of the maximum in the band contour and are all relative to the peak of the 0 0 0 band, which is 13 cm −1 higher than the KЈ =0← KЉ = 0 transition. All the intensities are normalized to the intensity of the 0 0 0 transition and contain the spin statistical weights.
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C. Simulation of the band contours
The sequence band structure in the room temperature spectrum allows us to probe how the band contour changes as one goes from well below the barrier, where the torsional structure is small compared to the overall rotational structure reflected in Ĥ 2 , to a situation where the torsional splitting can be readily observed on this scale. This is easily seen from Tables VI and VII where the values of the A / E splitting for K = 0 goes from negligibly small to 16 cm −1 for j =2 ͑CH 3 O 2 ͒ and 22 cm −1 for j =3 ͑CD 3 O 2 ͒. The origin bands and the 12 1 1 bands in both isotopologues as well as the 12 2 2 band in CD 3 O 2 all have the same shape with sharp Q-branch structure. In contrast, the contours associated with the bands arising from the 12 2 2 transition in CH 3 O 2 and 12 3 3 transition in CD 3 O 2 appear broadened. The broadening is shown clearly in Fig. 7 , where the experimental and calculated spectral band structures are compared for several bands. The complexity of the torsion/rotation coupling and the fact that the K and A / E splittings have the same order of magnitude broaden the Q-branch structure in these bands and lead to the loss of the simple Q-branch structure observed for the lower energy transitions. It would be tempting to try to assign tunneling parameters based on this structure, but as the results shown in Fig.  4 indicate, as one increases K from 0, the splittings oscillate and, in fact, the splitting is near its maximum value at K = 0. As is seen in Fig. 7 , the simulations reproduce not only the width of the contour but the overall shape. As a point of comparison, we also plot the experimental contour for the origin band, which has been previously simulated 4 by a simple asymmetric top rotational Hamiltonian, and note that it looks nothing like the other two. In the calculation, we can separate contributions from transitions between states with A and E symmetries. We find that the widths of the contours associated with the two subsets of the transitions in this spectral range are roughly equal. As such, the broadening cannot be directly ascribed to a change in the tunneling splitting. Rather it reflects the strong K dependence of the splittings, shown in Fig. 4 . As mentioned above, these two effects are correlated. The fact that the contours reflect A / E and K splitting as well as rotational structure means that one cannot directly extract a tunneling splitting from the experimental low-resolution contour spectra. On the other hand, the overall good agreement between the experimental and calculated band contours lead us to believe that the simulation captures not only the overview of the spectrum but also the contours of bands with significant torsional splitting.
Similar behavior is also observed for the transitions that carry intensity in the 8000 cm −1 region of the calculated and experimental spectra. Consequently, while we can make reasonable quantum number assignments for these transitions, it is difficult, if not impossible, to deconvolute the contributions to the spectrum that come from transitions from the A or E levels. As a result, in Tables IX and X, we report the position of the maximum in the calculated Q branch and the width ͑FWHM͒ of the feature. In the calculations, we can separate the contributions to the bands from transitions between levels with A or E symmetry. When we compare the positions of the maximum in the A and E band contours as well as the associated widths, we find, in all cases, that while there is a difference in the peak positions, the widths are at least a factor of 2 larger than this difference.
V. DISCUSSION AND CONCLUSIONS
A combination of quantum chemistry calculations of the PES of methyl peroxy plus numerical solutions of the Schrödinger equation for nuclear motion along the torsional coordinate has promoted an understanding of the structure found in the room temperature CRDS spectrum of methyl peroxy. The quantum chemistry calculations find a factor of Ϸ4 difference in torsional barrier heights in the X and Ã FIG. 7 . Plots ͑experimental and calculated͒ showing the variation of the band structure as different levels of excitation are present in the torsional mode. The top two traces represent the 12 3 3 band of CD 3 O 2 . The lower trace is the experimental spectrum, while the top trace is a simulation ͑see text for details͒ at 300 K of this sequence band. The middle two traces show the corresponding result for the 12 2 2 band of CH 3 O 2 . Both simulated traces are convoluted with a FWHM of 5 cm −1 to account for the unresolved J structure in the spectrum. In order to compare the overall band contour of the sequence bands with the 0 0 0 band ͑equivalent to the 12 0 0 sequence band͒ of CH 3 O 2 , we also plot its experimental trace at the bottom.
states. Furthermore, the X state barrier is sufficiently low that a substantial population exists in states near the top or above the barrier.
Use of the quantum chemistry PES allows a simulation and assignment of numerous atypical torsional transitions, including a number which would be strongly forbidden in the highly hindered rotor model. Scaling ͑S X = 1.10 and S A = 1.00͒ of the PES to best reproduce the observed spectra of both CH 3 O 2 and CD 3 O 2 results in "experimental" barrier heights of 322 cm −1 in the X state and 1131 cm −1 in the Ã state. The simulations degrade significantly for barriers differing from these values by more than Ϸ3%. However, it is very difficult to establish what systematic errors the model may have introduced in these values.
Tunneling splittings have been calculated for all the torsional levels and are, of course, significantly greater for the X state than for the corresponding Ã state levels. Lack of resolution of sharp Q-branch features in the partially resolved rotational structure in transitions involving higher X state torsional levels is expected and observed.
No tunneling splittings are observed as predicted for the 0 0 0 band in the room temperature spectrum. However, recently we have recorded a jet-cooled spectra of CH 3 O 2 and CD 3 O 2 with instrumental resolution Շ250 MHz. At this resolution, predicted tunneling splittings of 2 -3 GHz should be observable in CH 3 O 2 , while for CD 3 O 2 , the predicted values of 0.1-0.2 GHz are likely within the experimental linewidth. While the analyses of the low temperature spectra are still in progress, there is evidence that these predictions are consistent with the observations.
